A characteristic feature of neurite formation is high expression of the phosphoprotein B-50/GAP43. Previous studies with growth cone membranes have indicated that this neuron-specific protein kinase C substrate may be involved in transmembrane signal transduction at the growth cone. We monitored the degree of phosphorylation of B-50 by quantitative B-50 immunoprecipitation from intact nerve growth cones, isolated from J-day-old rat brain and prelabeled with 3ZP-orthophosphate.
B-50 phosphorylation in nerve growth cones is stimulated by 4&phorbol 12,13-dibutyrate (PDB) and 1,2-dioctanoylglycerol (DOG) in a concentration-dependent manner, but not by 4cw-phorbol 12,13-didecanoate (4ar-PDD). These results confirm that B-50 is a substrate of PKC in intact growth cones. Depolarization induced by 30 mM K+ produces a transient increase in B-50 phosphorylation, which is maximal after 15 set and declines to basal level within 5 min. This rise in B-50 phosphorylation can be partially blocked by atropine ( 1O-3-1O-4 M), suggesting the involvement of muscarinic receptors. Indeed, the cholinergic receptor agonist carbachol enhances B-50 phosphorylation in a concentration-dependent manner (50% at 1 O-3 M). Since the effect of carbachol(1 O-3 M) can be blocked by atropine (lo-' M), we conclude that this increase in B-50 phosphorylation is mediated through activation of the muscarinic receptors on the growth cones. The carbachol-induced stimulation is further increased by concurrent K+-depolarization. The effects of carbachol and depolarization are additive. To our knowledge, this is the first report showing receptor-mediated effects on the PKC substrate B-50 in growth cones. Our data support the hypothesis that phosphorylation of B-50 by PKC is involved in signal transduction in nerve growth cones.
Nerve growth cones are the highly motile tips of axons and dendrites that guide the trailing neurite to the target. The direction of movement of the growth cone can be influenced by many external factors, such as growth factors and substrate molecules (Gunderson and Barrett, 1980; Davis et al., 1985; Kaplhammer and Raper, 1987) . Depolarization and neurotrans-mitters are both presumed to modulate neurite outgrowth and maturation of a growth cone into a synaptic terminal (Cohan and Kater, 1986; Cohan et al., 1987; Mattson, 1988) . This implies that the same signaling systems that mediate communication in the mature nervous system contribute to its developmental construction. Evidence exists that the major site of neurotransmitter action is the growth cone (Haydon et al., 1984; Mattson, 1988) . Indeed, growth cones have been shown to carry receptors for several neurotransmitters (Lockerbie and GordonWeeks, 1985; Lockerbie et al., 1988a, b) and to store neurotransmitters, which they release either spontaneously or on depolarization (Hume et al., 1983; Young and Poo, 1983; Gordon-weeks et al., 1984; . The response to neurotransmitters requires receptors and highly specialized signal transduction mechanisms, about which little is known in the growth cones. It has been shown that isolated growth cones contain the machinery for CAMP-dependent signal transduction, since dopamine and vasointestinal peptide stimulate growth cone adenylate cyclase activity (Lockerbie et al., 1988a) . There is also evidence that calcium is a second messenger in the transduction pathway of neurotransmitters in growth cones (Cohan et al., 1987; Kater et al., 1988) . In vitro phosphorylation studies using y3*P-ATP) on isolated growth cones have shown the presence of the machinery for the polyphosphoinositide (PPI) response, since they contain an active PPI metabolism and are capable of generating inositol trisphosphate (IP,, Pfenninger et al., 1986; Hyman and Pfenninger, 1987; Van Hooffet al., 1988) . Furthermore, the major neuronal calcium, calcium/calmodulin, and calcium/phospholipid-dependent protein kinases are present in isolated growth cones Katz et al., 1985; Hyman and Pfenninger, 1987; Van Hooff et al., 1988) . This suggests the presence of effector pathways that extend beyond second messengers.
In nerve growth cone membranes of rat brain, B-50/GAP43 is a major phosphoprotein and a substrate for endogenous calcium/phospholipid-dependent protein kinase C (PKC) Katz et al., 1985; Meiri et al., 1986; Skene et al., 1986; Hyman and Pfenninger, 1987; Van Hooff et al., 1988) . From studies on synaptosomal plasma membranes from adult rat brain, a feedback function for B-50 phosphorylation in the PPI response has been proposed . A comparable inverse relationship between B-50 phosphorylation and PPI metabolism has been shown to exist in growth cone membranes (Van Hooff et al., 1988) .
Stimulation of muscarinic receptors by carbachol induces a PPI response in CNS neurons in culture (Weiss et al., 1988) Jope et al., 1987) , and in synaptosomes (Fisher and Agranoff, 1980; Audigier et al., 1988) . The evidence that receptor-mediated PPI hydrolysis also results in diacylglycerol (DG) production and the subsequent activation of PKC is scarce and largely based on the use of phorbol diesters. By monitoring the PKC substrate B-50, we now present evidence for a coupling between muscarinic receptor activation and PKC activation in growth cones. Both K+-induced depolarization and muscarinic receptor activation by carbachol enhance B-50 phosphorylation in 32P-orthophosphate prelabeled nerve growth cones. The effect of carbachol is dose-dependent and can be blocked by atropine. The effects of carbachol and depolarization appear to be additive.
Materials and Methods
Isolation ofgrowth cones and synaptosomes. Growth cone-enriched subcellular fractions were isolated from 5-d-old (day of birth is day 1) forebrains of Wistar rats (TNO, Zeist, The Netherlands), as described by Gordon-Weeks and Lockerbie (1984) , omitting the second Ficoll step as suggested by Gordon-Weeks (1987) . For carbachol and atropine incubations, growth cones were prepared from the cerebral cortex instead of from total forebrains. Isolated growth cones were resuspended in freshly carbogene (95% O,, 5% CO&gassed Krebs Ringer buffer, pH 7.4 without phosphate (KRB-) and kept at room temperature (max. 1 hr) until prelabeling with 3*P-orthophosphate. Synaptosomes were prepared from rat brain cortex using a discontinuous PercolVsucrose gradient according to the method of Dunkley et al. (1987) . Synaptosomes also were resuspended in freshly gassed KRB-but were kept at 4°C until prelabeling with 32P-orthophosphate. Ultrastructuml analysis revealed that nerve growth cones, isolated from 5-d-old rat brain and kept in KRB-at room temperature for several hours, remain intact and resemble those originally described by Gordon-Weeks and Lockerbie (1984; Van Lookeren Campagne et al., 1989) . Protein was determined according to the method of Bradford (1976) using BSA as standard.
Prelabeling of growth cones and synaptosomes with '*P-orthophosphate. Growth cones and synaptosomes were labeled batchwise in 200-800 ~1 KRB-with 32P-orthophosphate (3000 Ci/mmol; Amersham) at final concentrations of 1 pg protein per ~1 and 2 &i/p1 for 90 min at 34°C under continuous carbogene gassing. Trichloroacetic acid (TCA) precipitation revealed that 32P-incorporation into proteins reaches steady state after about 75 min. Trichloroacetic acid precipitation (De Graan et al., 1989) revealed that under these conditions approximately 35,000 CPM )*P was incorporated per microgram total growth cone protein.
Modulation of B-50 phosphovlation. Aliquots of 10 pl 32P-labeled growth cones were incubated for the times indicated at 34°C in the absence or presence of the modulator (final volume 20 ~1). The reaction was stopped by addition of 10 ~1 SDS-denaturing solution (Zwiers et al., 1976) and cooled on ice. Chemical depolarization was induced with 30 mM K+ (NaCl was substituted by 25 mM K+ to maintain osmolarity). Potassium was added at different times (as indicated) prior to the denaturing solution. When K+-depolarization was tested in combination with other agents, K+ was added 15 set before the denaturing solution. Incubations with 4a-phorbol 12,13-didecanoate (4a-PDD, Sigma) or 4&phorbol 12,13dibutyrate (PDB; Sigma) lasted 10 min, with 1, 2-dioctanoyl glycerol (DOG, Boehringer) or atropine (O.P.G., Utrecht, The Netherlands) 5 min, and with carbachol (carbamylcholine, Sigma) 5 min or 30 sec.
Quantification of 32P-incorporation into B-SO. Incorporation of 32P in B-50 was determined by immunoprecipitation from 20 ~1 denatured samples (6.66 pg) with polyclonal anti-B-50 antiserum (serum 8502), as described previously (De Graan et al., 1989; Dekker et al., 1989b) . Immunoprecipitates were subjected to 11% SDS-PAGE (Kristjansson et al., 1982) and autoradiography. )*P-incorporation into B-50 was quantified by densitometric scanning and computer-assisted image analysis of the autoradiograms. 3ZP-incorporation into B-50 is expressed as percentage of KRB-control incubations. Student's t test was used for all statistical comparisons. bands (Fig. 1) . This phosphorylation pattern is notably different from that of synaptosomes, although several phosphobands are found in both preparations (Fig. 1) . 32P-incorporation into B-50 cannot be quantified directly, since several phosphoproteins corn&rate at the 48 kDa position, masking the B-50 band. We, therefore, immunoprecipitated B-50 from the growth cone homogenate. Employing polyclonal anti-B-50 antiserum (serum 8502), a single 48 kDa phosphoband was recovered in the immunoprecipitate (Fig. 1, IP) , which was absent from preimmune serum controls (Fig. 1, PRE) .
To identify B-50 as a physiological substrate of PKC, 32P-labeled growth cones were treated with different concentrations of PDB and DOG for 10 min and 5 min, respectively. B-50 phosphorylation was stimulated in a dose-dependent manner (Fig. 2) to a maximum of 184% at 1O-6 M PDB and a maximum of 167% at 1 O-4 M DOG, when compared to controls. The lowest effective concentrations were 10~~ M and 1O-5 M for PDB and DOG, respectively. At these concentrations, PDB and DOG did not change 32P-incorporation into total TCA-precipitated protein. The 4a-phorbol, which is inactive with respect to PKC stimulation, did not affect B-50 phosphorylation (Fig. 2) .
Potassium-induced depolarization Growth cones are known to store neurotransmitter, which they release on depolarization, similar to mature presynaptic nerve endings. In search for a possible involvement of B-50 phosphorylation in this process, we chemically depolarized prelabeled growth cones for different times (Fig. 3) . Depolarization with 30 mM potassium induced a transient increase in B-50 phosphorylation (Fig. 3) . The rapid increase was already detectable after 5 set, reached a maximum after 15 set (150% of 5 mM potassium controls), and was followed by a steady decline to control values within 5 min, despite the continuous presence of 30 mM potassium. To investigate the contribution of released neurotransmitters to the observed increase in B-50 phosphorylation, we isolated growth cones from neonatal rat cortex, which is rich in cholinergic terminals. It is expected that in this fraction a great number of growth cones will release acetylcholine under depolarizing conditions. Incubation of these cortical growth cones with 10-S M of the muscarinic antagonist atropine reduced the depolarization-induced increase in B-50 phosphorylation by about 50% without affecting controls (Fig. 4) . Thus, part of the stimulation of B-50 phosphorylation caused by depolarization may be mediated through muscarinic receptor activation.
Higher atropine concentrations (> 1 O-5 M) further reduced the depolarization-induced rise in B-50 phosphorylation but, in parallel, inhibited B-50 phosphorylation in nondepolarized controls (Fig. 4) . Figure 4 illustrates that in the presence of atropine, B-50 phosphorylation is consistently higher under depolarized conditions. This indicates that part of the depolarization-induced increase in B-50 phosphorylation is not mediated through muscarinic receptors.
Efects of carbachol
The finding that B-50 phosphorylation can be inhibited by atropine prompted us to test the effects of the cholinergic agonist carbachol. Incubation of 32P-labeled growth cones with carbachol for 30 set or 5 min resulted in a concentration-dependent increase in B-50 phosphorylation under 5 mM K+ (basal) con- ditions (Fig. 54) . Maximal stimulation was observed after a 30 set treatment with lo-' M carbachol (51% over controls), the highest concentration tested. The stimulation of B-50 phosphorylation by carbachol was slightly lower after a 5 min than after a 30 set stimulation (Fig. 54) . The increase in B-50 phosphorylation during carbachol treatment (30 set or 5 min) was augmented by K+ -depolarization during the last 15 set of the carbachol treatment. In combination with depolarization, 1O-5 M carbachol(30 set) already produced maximal stimulation (90% over nondepolarized controls), which is about 40% higher than the maximal stimulation observed with carbachol alone. This indicates that lo--' M carbachol alone does not fully activate the PKCYB-50 signal. The incorporation of 32P in TCA-precipitated growth cone proteins from samples (n = 4) treated with carbachol(38,077 f 212 CPM/rcg), K+-depolarization (38,163 f 598 CPMlpg), or both 38,220 + 271 CPMIpg) is not different from controls (38,166 + 442 CPM/pg), nor is any difference seen as a result of these treatments in phosphorylation pattern of SDS-PAGE-separated total growth cone proteins (Fig. 5B) . Apparently, these treatments do not affect overall kinase activity but specifically stimulate B-50 phosphorylation.
To establish the involvement of muscarinic receptors in the carbachol-stimulated B-50 phosphorylation, we tried to antag-onize the carbachol effect with atropine. The increase in B-50 phosphorylation induced by 1O-3 M carbachol(30 set) could be prevented almost completely by 10-5-10-7 M atropine added 4.5 min before the carbachol (Fig. 6) . At these concentrations, atropine had no effect on the degree of B-50 phosphorylation in noncarbachol-treated controls.
Discussion
During developmental outgrowth and regeneration of neurites, B-SO is synthesized at very high levels (Kalil and Skene, 1986; Verhaagen et al., 1986; Benowitz and Routtenberg, 1987; Zwiers et al., 1987) . The growth-associated expression of the B-50 protein has led to the hypothesis that attributes a prominent role to B-50 in the process of neurite outgrowth and neuronal differentiation (Levine et al., 198 1) . We have previously presented evidence that the phosphorylation of B-50 by PKC is implicated in signal transduction at the growth cone membrane (Van Hooff et al., 1988) and in adult brain synaptic plasma membranes . During this study we monitored the degree of phosphorylation of the PKC substrate B-50 to establish its involvement in signal transduction in intact growth cones.
In adult brain neurons, K+ -depolarization is known to induce changes in the phosphorylation of several proteins including synapsin I, the 87 kDa PKC substrate protein Wang et al., 1988) and B-50 (Dekker et al., 1989a, b) . Not unexpectedly, therefore, K+-depolarization also induces an increase of B-50 phosphorylation in growth cones (Fig. 3) . The transient nature of this effect despite persistent depolarization is very similar to that observed in synaptosomes (Dekker et al., 1989b) . This increase in B-50 phosphorylation is PKC mediated because it has been shown in hippocampal slices (Dekker et al., 1989a) , in synaptosomes (Dekker et al., 1989b) , and in intact growth cones (P. N. E. De Graan, unpublished observations) that the K+-induced increase can be blocked by PKC inhibitors polymyxin B and H7. The involvement of other kinases seems highly unlikely because in all intact and membrane systems studied so far, B-50 is only phosphorylated by PKC (Aloyo et al., 1983; Van Hooff et al., 1986 , 1988 De Graan et al., 1988) . In addition, we recently have identified serine 4 1 in the B-50 sequence as the only phosphorylation site (Nielander et al., 1987; Schrama et al., 1988) . Although all our data point to a depolarization-induced increase in PKC activity, resulting in an increase in B-50 phosphorylation, we cannot rule out a concurring effect of depolarization on B-50 phosphatase activity.
The increase in B-50 phosphorylation may be elicited directly by depolarization or indirectly by neurotransmitters, released on depolarization. Indeed, the muscarinic antagonist atropine dose-dependently inhibits high K+-induced B-50 phosphorylation in growth cones, isolated from cerebral cortex (Fig. 4) . This suggests that at least part of the high K+-effect is mediated through muscarinic receptor activation by released endogenous acetylcholine. Surprisingly, high concentrations of atropine also reduce B-50 phosphorylation under nondepolarizing conditions (Fig. 4) . This may either point to spontaneous acetylcholine release under control condition, as observed in growth cones in tissue culture (Young and Poo, 1983) , or may be caused by transmitter leakage from damaged growth cones. Since inhibition is only observed at high concentrations of the drug, it may also relate to nonspecific atropine effects. The finding that the presence of atropine reverses only part of the depolarizationinduced B-50 phosphorylation and that, in the presence of atropine, depolarized samples are consistently higher than controls indicates that neurotransmitters other than acetylcholine also act through stimulation of PKC. Alternatively, depolarization itself may directly stimulate PKC.
The contribution of released acetylcholine to the depolarization effect is further corroborated by direct stimulation of B-50 phosphorylation by the cholinergic agonist carbachol (Figs.  5A, 6 ). The dose-response curve of the effect of carbachol on B-50 phosphorylation in growth cones is similar to that reported for carbachol-induced IP, formation in synaptosomes (Audigier et al., 1988) . Since the carbachol-induced stimulation of B-50 phosphorylation can be inhibited by atropine, the effect seems to be mediated through muscarinic receptors. Receptor-mediated formation of IP, has not yet been reported in growth cones, although the machinery for an IP, response appears to be present . Since a strong coupling has been described between muscat-uric receptor activation and PPI response in l-d-old rat cortex slices (Heacock et al., 1987) , it is likely that breakdown of PPIs underlies the observed increase in B-50 phosphorylation. Noteworthy is the observation that the effects of carbachol and depolarization are additive (Fig. 5A ). Carbachol treatment under depolarizing conditions reaches maximal stimulation of the PKC/B-50 signal at a low concentration ( 1O-5 M), whereas under basal conditions, lo-' M carbachol may not even produce maximal stimulation (Fig.  5A ). This indicates that depolarization-induced release of endogenous acetylcholine adds to the effect of carbachol by further saturating muscarinic receptors, thereby achieving maximal B-50 phosphorylation. Alternatively, depolarization and carbachol may stimulate PKC through separate mechanisms, or depolarization may intensify the coupling of the muscarinic receptor to its effector system, as suggested by Eva and Costa (1986) .
The physiological significance of B-50 phosphorylation is not known at present. We have proposed that PKC-mediated B-50 phosphorylation is involved in a negative feedback mechanism in receptor-mediated PPI hydrolysis . According to this hypothesis, phosphorylated B-50 inhibits phosphatidylinositol4-phosphate (PIP)-kinase activity, thus reducing the amount of phosphatidylinositol4,5-bisphosphate (PIP,) available for further hydrolysis. In line with this hypothesis, we found an inverse relationship between B-50 phosphorylation and PIP, labeling in growth cone membranes (Van Hooff et al., 1988) . A PKC-mediated negative feedback on muscarinic receptor activation has been proposed in many systems (El-Fakahany et al., 1988) , including rat hippocampal slices (Labarca et al., 1984; Schrama et al., 1986) , but is merely based on the inhibitory effect of phorbol diesters. Our data provide the first direct evidence that muscarinic receptor activation stimulates PKC activity, resulting in an increase in B-50 phosphorylation. Whether, according to the feedback hypothesis, a sustained increase in B-50 phosphorylation dampens the IP, response in growth cones remains to be shown.
